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a b s t r a c t
Limit of detection (LOD), being a fundamental quality parameter for analytical techniques, has been
recently investigated and a systematic behavior has been observed for most odd–even element pairs for
many techniques. However, to the best of our knowledge very few LOD data are available in published lit-
erature for electron microprobe analysis; these consist of three papers, two being on rare-earth elements
and the third covering a large number of elements of atomic number between 21 and 92. These data con-eywords:
lectron microprobe
etection limit
dd–even
inerals
ﬁrm the systematic behavior of LODs for many odd–even pairs. To initiate to full this gap, we determined
LODs for several major rock-forming chemical elements from Na to Fe with atomic numbers between 11
and 26, during the microprobe analysis of common minerals (olivine, plagioclase, pyroxene, amphibole,
quartz, and opaques) in volcanic rocks. The odd–even effect of nuclear stability seems to be present in
LOD data for most odd–even pairs investigated. Nevertheless, the experimental strategy concerning the
reference materials, calibration procedure, and blank measurements, should be substantially modiﬁed to
aticbetter evaluate the system
. Introduction
During the evaluation of analytical techniques for the determi-
ation of lanthanides (La–Lu) in geological materials and using
multi-laboratory compilation of concentration data in inter-
ational geochemical reference materials, the presence of the
dd–even effect of nuclear stability and of natural abundances in
nter-laboratory limits of detection (LODs) was observed and doc-
mented in 2002 for several analytical techniques such as mass
pectrometry, nuclearmethods, andemission spectrometry [1]. The
ODs fully mimicked the rare-earth element (REE) concentration
atterns of natural earth and planetary materials (see Fig. 11 in
1]; also Fig. 1 in the present work). This exciting observation of
systematic behavior of LODs for the lanthanides was immediately
onﬁrmed during 2003 in single laboratory data, speciﬁcally for
hese as well as other analytical techniques, either from compila-
ion of analytical data from several laboratories (see Figs. 2 and 3 in
2]) or actual chemometric experiments for high-performance liq-
id chromatography (see Fig. 4 in [3]) and later in 2007 for capillary
lectrophoresis (see Fig. 3 in [4]). The systematic behavior of LODs
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003-2670/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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was also investigated in 2003 for other elements as well: 74W to
92U (see Table 1 in [5]); 55Cs to 73Ta (see Figs. 1–3 in [6]); and, in
fact, in 2005 for most elements of the periodic table (see Figs. 1–3
in [7]). Such a systematic behavior in LODs has been independently
conﬁrmed (during 2004–2007) by other workers as well [8,9] and
extensively discussed in a recent review in 2006 [10].
In order to investigate if such a systematic behavior and
odd–even effect in LODs also existed for electron microprobe anal-
ysis technique, an exhaustive search of literature of LOD values was
undertaken. Although a fairly larger number of published articles
(e.g. [11–20]) and books (e.g. [21]) presented discussion on this
technique and some of them on LODs, we failed to ﬁnd too many
publications that actually reported well-determined LOD values
that could be used for the evaluation of the presence or absence
of their systematic behavior [1–9]. Nevertheless, three papers are
probably worthy of further discussion: two [22,23] for only the
rare-earth elements and one formany elements but excludingmost
major-elements [24] (see Section 3).
This was the reason that motivated us to investigate the analyti-
cal technique of electronmicroprobe for the determination of some
elements in common igneous rock-forming minerals olivine, pla-
gioclase, pyroxene, quartz, and amphibole, and accessory opaque
minerals. We present a synthesis of the LOD values estimated in
these three previous papers [22–24] and the odd–even effect in
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big. 1. Concentrationdata and limits of detection (LODs) for the rare-earth elements (
c) geochemical rock reference material andesite AGV-1 data [28]; (d) LODs for diffe
aterials [1]; and (e) LOD data for electron microprobe analysis of rare-earth phosp
how the same trend as in (a–d), whereas the open symbols joined with dashed lin
ODs as well as the preliminary results of our LOD data for six
dd–even pairs. To the best of our knowledge, this is the ﬁrst study
f LODs for the analysis of these eight major-elements with atomic
umbers from 11 to 26 in geological materials.
. The proposed systematic behavior and odd–even effect
n LODs
To illustrate the well-known odd–even effect [25] (or
ddo–Harkins rule) in elemental abundances, we have included
EE average concentration data for Earth’s continental crust (both
pper andbulk, Fig. 1a [26]), carbonaceous chondrites (Fig. 1b [27]),
nd a geochemical rock reference material andesite AGV-1 from
.S.A. (Fig. 1c [28]). Note all samples show a similar zig-zag pat-
ern, in which the odd atomic number lanthanides show smaller
oncentrationsas compared to theirnearest even-numberedneigh-
or elements. For example, Prwith odd atomic number of 59 shows
maller concentration values than its even atomic number neigh-
ors Ce (atomic number 58) and Nd (atomic number 60) [1].(a)Upper andbulk continental crust data [26]; (b) carbonaceous chondrite data [27];
nalytical techniques obtained from inter-laboratory data on geochemical reference
[23]. LODs of lanthanides indicated by ﬁlled symbols joined with continuous lines
w the opposite trend.
This odd–even effect in elemental natural abundances is related
to the greater nuclear stability of even-numbered lanthanides as
compared to odd-numbered ones [25]. The ﬁrst indications of
the odd–even effect reﬂected in LODs [1] for several analytical
techniques (mass spectrometry, nuclear methods, and emission
spectrometry) are also illustrated in Fig. 1d.Note that the LODs from
all techniques show the same zig-zag pattern as the concentration
data in earth and terrestrial materials.
3. Synthesis of published literature on LODs
LOD data obtained from an electron microprobe equipped with
four wavelength-dispersive X-ray spectrometers were reported by
von Seckendorff [22] in most cases for La, Nd, Sm, Gd, Ho, and Yb,
none of them forming odd–even neighbor element pairs. For exam-
ple, to evaluate LOD of La according the suggestion proposed and
emphasized in [1–7], LOD data for the lanthinide Ce are required
(see Fig. 1). For onlyone case, LODdata for theneighbor elementsYb
and Lu were reported. However, these showed very similar values
with odd/even ratio close to 1.
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Fig. 2. Synthesis of limit of detection (LOD) data for electron microprobe analysis presented in the literature [24]. The symbols are explained as inset. (a) Actual LOD data
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tor elements with atomic numbers between 21 and 92 under different operating co
ircles represent smaller atomic number in the numerator and its next nearest neig
re for the greater atomic number in the numerator and its earlier neighbor elemen
lotted here were obtained with the same instrumental conditions (voltage =20kV
LOD data for all REE [23] obtained from the study of three min-
rals apatite, monazite and xenotime, are shown in Fig. 1e. These
uthors used an electron microprobe analyzer equipped with three
avelength-dispersive spectrometers. Although the zig-zag pat-
ern is represented in the LOD values, it is generally the reverse
o that observed for other analytical techniques [1–9] (see also
ig. 1d). Only a few pairs identiﬁed by solid lines (Fig. 1e) show
he pattern observed by numerous workers [1–9]. Possible reasons
or these discrepancies may be related to the incapability in this
ork [23] to quantify the abundances of middle and heavy lan-
hanides in two of their minerals and of light lanthanides in the
hird mineral (see Table 2 in [23]), thus resulting in approximate
OD values. A better chemometric experiment with operating con-
itions optimized for the quantiﬁcation of all trace-elements under
onsideration [11–21,24] will have to be performed to conﬁrm the
resence or otherwise of the systematic behavior as put forth by
erma and colleagues [1–7] and followed by Tsakanika et al. [8]
nd Rodríguez-Ríos et al. [9]. The other problem concerning LODs
n this work was that the total number of measurements (n=6–15)
or obtaining these LODs was also much smaller that the desired
inimum number of 30 measurements suggested for this purpose
7].
We summarize in Fig. 2 the results obtained in the third
aper [24] on LODs of a large number of elements. Their elec-
ron microprobe was equipped with four wavelength-dispersive
pectrometers. These authors carried out LOD measurements
or different operating conditions. The LOD values signiﬁcantly
ecreased (Fig. 2a)when, at a given voltage, greater beamcurrent or
reater counting times were used. This behavior has been reported
n the literature, e.g. see the discussion in [21]. We evaluated the
ost numerous LOD data corresponding to the operating condi-
ions of 20kV to 100nA with 300 s counting times by examining
ll odd–even pairs (Fig. 2b). When odd/even LOD ratio is <1, the
dd–even effect as documented by Verma and colleagues [1–7] is
alid, whereas when this ratio >1, the zig-zag pattern of LOD values
eems to be the opposite.More cases seem to lie in the lower part of
hediagram (Fig. 2b) suggesting the existence of the systematic pat-ns; and (b) odd/even LOD ratios calculated from the data presented in (a), the open
lement with greater atomic number in the denominator, whereas the ﬁlled circles
smaller atomic number in the denominator—see inset in (b). LODs for the elements
nt =100nA and counting time=300 s) except a few indicated by arrows.
tern observed for other analytical techniques [1–7]. The exceptions
may be due to the more complicated natural abundance patterns
in planetary and earth materials for elements with smaller atomic
number than for the REE [26,29].
In another study with electron microprobe [19] different instru-
mental conditionswere investigated for themeasurements of Sr/Ca
ratios in otoliths of anadromous salmonids, but these authors did
not report any LOD data. In any case, Sr and Ca are not neighbor
elements in the periodic table, so these values would not have been
of much help to evaluate the odd–even effect.
4. Experimental
Thin sections from Mexican volcanic rock samples covering
basaltic, andesitic, dacitic, and rhyolitic compositions were pre-
pared for microprobe analysis. A JEOL electron microprobe, model
JXA-8900M at the Centro de Microscopía Electrónica, Universi-
dad Complutense de Madrid, was used for mineral analysis. This
instrument is equipped with ﬁve wavelength-dispersive spec-
trometers. The measurement conditions were: 15kV accelerating
voltage, 20nA beam current, and spot diameter was about 1m
[30].
Different types for reference minerals are available for micro-
probe calibrations [31–36]. Reference minerals used for calibration
of major-elements Na to Fe with atomic number from 11 to 26 are
listed in Table 1 [31,35]. No appreciable Na2O loss was detected in
plagioclase and hydrous reference minerals (e.g. amphibole) using
these measurement conditions [37].
LOD values were estimated from the following equation taken
from the manual of JEOL electron microprobe instrument:
Cs · 2 ·
√
2 · Ib
LOD =
(Ip − Ib) ·
√
t
(1)
where Cs is the concentration of the standard in gg−1, Ib is the
background total count, Ip is the peak count rate in cps, and t is the
time for measuring the peak or background intensity. Background
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Table 1
Geochemical composition of electron microprobe reference samples.
Composition
(% m/m)
Apatite USNM
104021 [31]
Microcline USNM
143966 [31]
Albite 131705
[35]
Almandine
112140 [35]
Kaersutite
131928 [35]
Sillimanite
131013 [35]
SiO2 0.34 64.24 68.07 38.40 39.60 37.10
TiO2 0.01 0.05 5.19
Al2O3 0.07 18.30 19.78 22.50 14.78 62.90
Fe2O3 0.06 0.09 1.19 12.34
FeO 0.04 0.24 25.45 0.72
MnO 0.01 0.04 2.18 0.12
MgO 0.01 0.03 8.34 12.42
CaO 54.02 0.02 1.74 10.42
Na O 0.23 1.30 11.44 0.12 2.82
K 0.27
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2O 0.01 15.14
2O5 40.78
ontribution mainly originating from the X-ray continuum spec-
ra was estimated by interpolating the intensity measured with
he wavelength offset on each side of the peak. Note that the term
2 · Ib/(Ip − Ib) ·
√
t in Eq. (1) becomes without unit because both
b and Ip are in s−1 and t is in s. Consequently, the units of LOD are
he same as of Cs, i.e., gg−1.
The LOD data for individual minerals were processed for possi-
le discordant outliers using single-outlier discordancy tests [38].
he application of such discordancy tests requires the availabil-
ty of critical values at a given conﬁdence level (in our case 99%).
he calculated sample statistic is comparedwith the corresponding
ritical value in order to infer the nature of the outlying obser-
ation whether discordant or pertaining to the same statistical
ample. Until the recent work on the simulation of new critical val-
es [39–41], the literature critical valueswere less precise and even
navailable for certain statistical sample sizes. Therefore, for our
resent work we used the new, more precise and accurate critical
alues in a computer program UDASYS [42]. This data treatment
s novel because the application of discordancy tests is mandatory
or using mean and standard deviation values for central tendency
nd dispersion parameters, respectively [43]. It is interesting to
ote that someelectronmicroprobe instruments are equippedwith
odiﬁed software that routinely applies this kind of discordancy
ests before the count rate data are made available to the user [16].
. Results
The names and concentrations of reference minerals used for
alibration are summarized in Table 1. The reference minerals used
n the calibration of the elements were as follows: Apatite—P;
icrocline—K; Albite—Si, Na; Almandine—Fe, Mn; Kaersutite—Ti,
a, Mg; and Sillimanite—Al. Mean background counts varied from
bout 5 cps for Na, P, Mn, and Fe, about 10 cps for Mg, Si, and K, up
o about 15 cps for Al and Ca. For the reference materials used for
alibration, the peak-to-background ratios were around 500:1 for
l and P, 250:1 for Si, at least 100:1 for Na, Mg, K, Ca, and Fe, around
5:1 for Mn.
For more abundant major-elements Mg, Al, Si, Ca, and Fe in the
inerals of Mexican volcanic rocks, the peak-to-background ratio
as often at least 100:1 whereas for less abundant major-elements
a and K it was at least 50:1, and less for the least abundant
ajor-elements P and Mn. The background correction was almost
egligible, but as concentration decreased, the background became
ore important.
LOD values for nine chemical elements were estimated using
hree common rock-forming minerals (olivine, plagioclase, and
yroxene) for experiments carried out during 2001–2003 and for
hese and four additional minerals (amphibole, quartz, ilmenite,
nd magnetite) for work during 2006. The results of LOD values for1.43
threeminerals for 2001–2003 and for eightminerals for 2006mea-
surements are presented in Table 2. For 2001–2003 data, because
very feworthopyroxene sampleswere analyzed, theywere grouped
with clinopyroxene samples, thus calling the results as for pyrox-
ene.
The number ofmeasurements for the 2001–2003data of olivine,
plagioclase, and pyroxene were very large from 46 to 146 (with one
exception 15P in pyroxene), whereas for the 2006 data of olivine,
plagioclase, orthopyroxene, and amphibole these were between
28 and 105. However, for the remaining minerals clinopyroxene,
quartz, ilmenite, andmagnetite, these numbersweremuch smaller
(6–19). Thus, most LOD measurements were based on considerably
greater numbers than the minimum of 30 recommended by Verma
and Santoyo [7].
6. Discussion
The authors of the review [10] speciﬁcally referred to the impli-
cations of LOD values inmass spectrometricmeasurements and the
need to investigate in detail the possible causes. Some of the factors
that can control the LODs in mass spectrometry are isotopic com-
positions and formation of different kinds of ions such as doubly
charged ions and oxides.
However, the conventionalmicroprobe analysis at present is not
capable of distinguishing between different types of isotopes and
is therefore element-sensitive only. Therefore, the differences in
isotopic compositions of neighbor elements cannot affect LOD val-
ues in this analytical technique as is the case of numerous other
techniques such as liquid chromatography [3] and capillary elec-
trophoresis [4].
LODs of the odd–even neighbor element pairs can be expressed
in terms of following two equations for odd and even elements,
respectively.
(LOD)o =
(Cs)o · 2 ·
√
2 · (Ib)o
((Ip)o − (Ib)o) ·
√
to
(2)
(LOD)e =
(Cs)e · 2 ·
√
2 · (Ib)e
((Ip)e − (Ib)e) ·
√
te
(3)
where the subscripts o and e refer to the odd and even number
elements, respectively. The other symbols are the same as in Eq.
(1).
The odd–even LOD ratio can be expressed as follows:
(LOD)o ((Ip)e − (Ib)e) (Cs)o
√
(Ib)o
√
te
(LOD)e
=
(Cs)e
·
((Ip)o − (Ib)o)
·
(Ib)e
·
to
(4)
If thebackground intensities and timeofmeasurementsof neighbor
elements are similar, the LOD odd–even ratios are approximately
inversely related to thecorrespondingsensitivities (ratioofnetpeak
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Table 2
Mean values of limits of detection (LODs) for nine elements determined by the analysis of common minerals in volcanic rocks.
Sample mineral Mean values of limits of detection in gg−1 (n)
11Na 12Mg 13Al 14Si 15P 19K 20Ca 25Mn 26Fe
Minerals in basaltic to rhyolitic volcanic rocks from Acoculco caldera of the eastern Mexican Volcanic Belt and Sierra Chichinautzin of the central Mexican Volcanic
Belt (measured during 2001–2003)
Olivine 143 (82) 170 (82) 123 (82) 410 (82) 153 (55) 115 (87) 129 (87) 294 (87) 315 (82)
Plagioclase 166 (146) 153 (146) 136 (141) 491 (142) 151 (82) 109 (146) 123 (145) 278 (146) 291 (146)
Pyroxene 145 (71) 159 (71) 132 (71) 483 (67) 161 (10) 114 (71) 135 (71) 300 (71) 306 (71)
Minerals in andesitic to dacitic volcanic rocks from Sierra de la Cruces of the central Mexican Volcanic Belt (measured during 2006)
Olivine 147 (36) 171 (33) 111 (30) 374 (30) – 105 (31) 123 (31) 303 (36) 295 (30)
Plagioclase 186 (105) 149 (105) 168 (105) 449 (99) – 104 (105) 121 (105) 282 (105) 289 (105)
Clinopyroxene 151 (23) 162 (23) 129 (23) 459 (23) – 110 (23) 130 (19) 294 (23) 324 (23)
Orthopyroxene 149 (65) 162 (65) 123 (65) 423 (60) – 109 (65) 126 (65) 302 (65) 320 (65)
Amphibole 157 (36) 158 (36) 141 (36) 415 (28) – 110 (36) 129 (36) 303 (36) 315 (36)
Quartz 151 (7) 151 (7) 138 (7) 538 (7) – 104 (7) 117 (7) 267 (7) 298 (7)
Ilmenite 151 (6) 162 (6) 140 (6) 290 (6) – 128 (6) 150 (6) 355 (6) 374 (6)
Magnetite 152 (7) 160 (7) 142 (7) 276 (7) – 132 (7) 158 (7) 380 (7) 425 (7)
n=number of ﬁnal LOD measurements; single-outlier discordancy tests [38–43] were applied and only the ﬁnal number of measurements is reported here.
Fig. 3. Ratio of limits of detection (LODs) for odd–even pairs plotted against the odd–even element names (the pairs are identiﬁed by their chemical symbols) for electron
microprobe analysis of common minerals obtained in the present work. Horizontal dashed and dotted lines schematically show the values of 1 and 0.5, respectively, for the
y-scale. The error bars are±one standard deviation values. (a) Actual concentration patterns for elements from atomic number 11 (Na) to 26 (Fe) for average continental crust
[26] and a geochemical rock reference material basalt BCR-1 [44]; (b) LODs determined during 2001–2003; and (c) LODs determined during 2006.
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icroprobe.
As explained above, the odd–even effect of nuclear stability [25]
ndnatural abundances [26–30], if present in LODs, should result in
maller LOD values for an odd-numbered element as compared to
he neighbor even-numbered element, and therefore, the odd/even
OD ratio should be <1. The LOD data (Fig. 3) actually show that
his ratio for six (Fig. 3b) and ﬁve pairs (Fig. 3c) is generally less
han or close to 1. The ratios of <1 are thus consistent with the
dd–even effect. Concentrations of these major-elements in nature
re highly variable. Just to illustrate, two patterns of concentration
ata from the literature are included in Fig. 3a [26,44]. In order to
orrectly evaluate the odd–even effect in LODs, concentrations of
he elements of interest should be investigated in materials in and
round the particular laboratory where the experimental work is
o be undertaken.
Although during the analysis of common minerals a large num-
er of measurements of LODs were carried out (Table 2), more
eliable results would be obtained if, instead of natural miner-
ls, synthetic materials, preferably glasses, having relatively low
oncentrations of elements of interest were used. The use of such
dilute” synthetic samples would be more consistent with the def-
nition of LOD [45–47]. Thus, we may emphasize that some of the
raditional problems with the estimation of LODs in microprobe
ork may be related to the convention of using natural materials.
he heterogeneity of reference minerals is one of the most impor-
ant problems [21] that would lead to larger variance both in the
ensitivity and LOD values. The calibration procedure using only
ne or two reference materials is also generally very simple and
robably inaccurate from the modern analytical point of view (e.g.
48–50]). Besides, these practices may not be fully consistent with
he deﬁnition of LOD [45–49].
In other instrumentation, LODs are obtained from most “dilute”
ynthetic standards and calibrations based on weighted least-
quares linear regression (WLR) models [4,51–55]. Thus, although
he WLR models constitute a standard statistical procedure, their
pplication to instrumental calibration requires estimation of
nalytical uncertainties for both axes—concentration as well as
nstrumental response. These uncertainties are not routinely esti-
ated, and the ordinary linear regressions continue to be the
ommon practice for instrumental calibrations until recently. It
ould therefore be advantageous to implement these recent cali-
ration trendsofWLRmodels tomore reliably estimate sensitivities
nd total analytical uncertainties from error propagation theory
50,52,56]. We suggest that well-controlled (chemometric) experi-
ents for major- and trace-elements should be undertaken to fully
scertain the presence of the odd–even effect in electron micro-
robe technique.
The best strategy would be to investigate the lanthanide group
ecause it has been proven to be the most useful group of elements
or thepurpose of evaluating the odd–even effect in LODs [1–7]. The
ain reason for this afﬁrmation is that the natural abundances of
he lanthanides show a more consistent zig-zag abundance pattern
han the other elements of the Periodic Table [26,29]. However, one
eport on LODs for these elements [23] as inferred from the analy-
is of accessory minerals (apatite, monazite, and xenotime) shows
hat only some of the odd–even LOD ratios are consistent with the
dd–even effect whereas others also show a zig-zag pattern but
nverse to that observed for the concentrations of natural materials
Fig. 1). Nevertheless, the possible causes for these discrepancies
ere also discussed above.. Conclusions
Our preliminary LOD results are generally consistent with the
resenceofodd–eveneffect in thisqualityparameter.Well-planned
[
[
[
[a Acta 638 (2009) 126–132 131
chemometric experiments through instrumental calibrations using
WLR and a greater number of reference materials as well as
synthetic low-concentration glassmaterials instead of naturalmin-
erals, are required to better constrain this systematic behavior of
LODs in electron microprobe technique.
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